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Mesoscale island barrier effects occur in the lee of islands and are observed in
satellite imagery and in photographs from manned spaceflight missions. These
phenomena arise when, in the presence of a low-level inversion, the boundary layer
flow is disturbed by a barrier. Five types o[ island barrier effects are examined: a) von
Karman vortices, b) single plumes, c) transitions from vortices to plumes, d) calm sea
streaks and e) ship wake-like cloud patterns.
Results from 23 cases indicate a strong relationship between inversion height and
type of barrier effect phenomena. A low, strong inversion was found for von Karman
vortices cases while a higher, weaker inversion was present in the transition and plume
cases. An inversion above the barrier occurred with wake phenomena. Wind shear
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I. INTRODUCTION
The extent and variety of barrier-induced mesoscale cloud phenomena was not
appreciated until the advent of satellite imager/ in the 1960's. Unlike thunderstorms or
tornadoes, these phenomena were too large to be seen by individual ground or airborne
observers. At the same time, these cloud, phenomena were too small to be picked up
by the synoptic-scale observation network, as would a frontal system or tropical storm.
Some of these mesoscale cloud phenomena are the island barrier effects. These effects
arise from the interaction of the low-level wind flow with the mountainous topography
of many islands. The result is a disturbance in the flow which is revealed in the cloud
patterns predominantly downstream of the island.
A. HISTORY
With the launch of the .'.: t Television In:V~:sd Obser/ation Satellite TIROS-3
in 1960, meteorologists had an observation system with sufficient altitude to see island
barrier effects. One of the earliest TIROS satellite studies of mesoscale cloud patterns
(Bowley et a!., 1962) focused on wake clouds under low-level inversions. Hubert and
Krueger (1962), using TIROS III imagery, were probably the first to report von
Karman vortices as an island barrier effect. As an example of this barrier effect, Fig.
1.1 shows von Karman vortices in the lee of Guadalupe Island. With each new
generation of improved weather satellites, additional island barrier effects were studied.
Tsuchiya (1969) used images from the Environmental Science Services Administration
(ESSA) 7 and 8 satellites to study the motion of von Karman vortices. Although not a
weather satellite, the Landsat satellite program has collected imagery of mesoscale
cloud phenomena, as reported by Ormsby (1977). Images from the National Oceanic
and Atmospheric Administration (NOAA) 4 satellite appeared in Thomson et al.
(1977), while Fett and Mitchell (1977) makes extensive use of Defense Meteorological
Satellite Program (DMSP) .and Geostationary Operational Environmental Satellite
•''GOES) satellite images. Work continues in the study of the island barrier effects
using current DMSP. NOAA and GOES satellites.
While operational satellites provide imagery of the island barrier effects, large
numbers of images must be examined to identify examples of these phenomena.
Human observers, located in the right spot, can selectively record island barrier
phenomena which eliminates the problem of searching through considerable amounts
of satellite imagery in order to find examples of barrier effects. The National
Aeronautics and Space Administration (NASA) manned space program places human
observers at lower orbits (150-300 km) than the unmanned environmental satellites
(800 km). These observers can see meteorological phenomena developing and record
the regions of interest with hand-held cameras. This ability to selectively record
phenomena of interest provides high quality images without the need to examine large
numbers of photographs. The hand-held cameras also offer higher resolution and
clearer imager}' of the cloud phenomena than do the operational satellite sensors. A
discussion of the use of photographs from the Space Transportation System (STS), or
Space Shuttle, is contained in Svetz (1985).
The use of photographs from manned spacecraft to study the island barrier
effects parallels the operational satellite imager}' studies. Hubert and Krueger (1962)
included a photograph of von Karman vortices taken on the Project Mercury MA-4
flight. The crew of the Gemini 6 spacecraft photographed clouds near the Canary
Islands which Zimmerman (1969) used in his study. In the Apollo era, extensive study
of mesoscale cloud phenomena occurred using the photographs obtained by the Skylab
missions (Fujita and Tescon (1977) and Pitts et al. (1977)). Black (1978) reported on
the mesoscale cloud patterns observed and photographed during the Apollo-Soyuz
mission. And more recently, the Space Shuttle program has extended the abilities of
manned data collection through the use of mission specialists who have been trained in
meteorological earth observation.
B. MOTIVATION OF STUDY
With the increasing availability of satellite imagery to at-sea meteorologists,
knowledge of island barrier effects can contribute to operational use in assessing
current meteorological conditions and in forecasting. By understanding the
atmospheric conditions required for the formation of island barrier effects, the aircraft
carrier or staff meteorologist can determine, from the existance of these phenomena,
the current and past history of the wind flow patterns and the atmospheric stability for
the region in the vicinity of the island producing the barrier effect.
As an example, consider a carrier battle group (CVBG) operating near the west
coast of Africa. In this environment local meteorological observations are sparse and
of questionable accuracy. With an image containing a von Karman vortex street from
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a nearby island, such as the Canary Islands, and a proven barrier effects
characterization scheme, the carrier meteorologist could estimate variables such as the
low-level wind field, the height of the near surface inversion and the length of time
these conditions had existed.
While there are numerous case studies of barrier effects, these studies generally
emphasize and describe different factors of a single barrier effect. Although some
authors provide collections of barrier effect examples, e.g. Fett and Mitchell (1977) and
Fujita and Tescon (1977), presently no overview analysis exists which compares various
types of barrier effects using consistent data for each type. This lack of an overview of
the barrier effects provides motivation for this thesis.
The thesis objectives are:
1) Conduct analysis of many island barrier effects cases to determine the
atmospheric structure associated with the phenomena.
2) Identify meteorological and physical parameters which characterize the various
types of island barrier effects.
3) Develop a scheme for identifying atmospheric conditions in data sparse regions




A. TYPES OF BARRIER EFFECTS
The mesoscale island barrier effects separate into five types, based on their
physical appearance as seen in satellite or shuttle imager/. These five types are:
1) von Karman vortices
2) single cloud plume
3) transition from von Karman vortices to single plume
4) calm sea streaks
5) ship wake
In this chapter, these five types of barrier effects will be described using observations
and theories discussed in previous studies.
B. DESCRIPTION OF ISLAND BARRIER EFFECTS TYPES
1. Von Karman Vortices
Von Karman vortices, or vortex streets, are named for their resemblance to
vortices produced in laboratory experiments of fluid flow around objects. Von
Karman's (1911) theoretical formulation provides the basis for these
laboratory-produced vortices. Later researchers adopted the terms "von Karman
vortices" or "von Karman vortex street" to describe this phenomenon.
As described by Chopra (1973), the von Karman vortex street is composed of
two parallel rows of vortices with a vortex from one row positioned midway between
two adjacent vortices of the second row. The two rows of vortices are produced by a
two dimensional fluid flow around a cylindrical object. The vortices of each row rotate
in the same direction, but the two rows of vortices rotate in opposite directions.
Figure 2.1 illustrates the pattern of von Karman vortices around an isolated island and
shows the rotation of the individual vortices.
Atkinson (1981) discusses several parameters from laboratory analysis which
describe two dimensional von Karman vortices produced in the lee of cylinders. These
parameters include the spacing ratio (h/a), the Reynolds number (Re), the Strouhal
number (St), the Lin parameter (J3), the eddy viscosity (v), the vortex propagation
speed (u
c
) and the period of vortex formation (T).
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One parameter which can be obtained from satellite imagery, after the images
have been rectified to remove the effects of earth's curvature and the obliqueness of
sensor view angle, is the spacing ratio, h/a. This ratio of lateral street width (h) to
longitudinal spacing (a) characterizes the vortex street geometry and has an empirical
range of 0.28-0.50 (Chopra, 1973). The velocity ratio, u
,
u, is related directly to this
spacing ratio. Thus, from measurements of h, a and u, the mean wind flow, the vortex
propagation speed can be determined. The period of vortex formation, T, is the
reciprocal of the vortices shedding frequency, N (or j as in Table 1). This frequency





The values, for u and N can also be derived if two images of a vortex street are
c -
available with a small temporal separation. Measurement of the translation of the-
vortices from one image to the next and knowledge of the time separation between the
images permits calculation of u and hence, N, through Eqn. 2.1. The Lin parameter,
p, is also related to the spacing and velocity ratios. So, with values for h, a and u the
descriptive parameters discussed below can be determined.
The Reynolds number (Re) is the ratio of the mean wind flow speed (u) and
barrier diameter (d) to the viscosity of the fluid (v), or
Re = ud/v. (2.2)
Laboratory calculations of Reynolds number values use the kinematic (molecular)
viscosity in Eqn. 2.2. However, in order to obtain comparable Reynolds numbers for
meteorological phenomena, such as von Karman vortex streets, the eddy viscosity must
replace the kinematic viscosity in the equation. As discussed by Chopra (1973), this
use of the eddy viscosity is required because the scales of the meteorological
phenomena are much larger than those of the laboratory phenomena. Chopra states
that the Reynolds numbers for laboratory produced von Karman vortices are in the
range 40<Re<1000. Atkinson (1981) gives the laboratory range as 40 < Re < 200.
Atkinson also summarizes data from prior studies of von Karman vortices produced by
island barriers. This summary, included as Table 1, shows that Reynolds numbers of
these studies generally lie within the 40-200 range.
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The Strouhal number (St) is the ratio of the frequency of vortex shedding (N)
times barrier diameter (d) to the mean fluid flow (u), written as
St = Nd/u. (2.3)
For laboratory observed von Karman vortex streets, Chopra gives the range for the
Strouhal number as 0. 1 < St < 0.21, while Atkinson gives this range as 0.12 < St < 0.19.
The observed values shown in Table 1 generally lie within these laboratory values.
The Reynolds and Strouhal numbers can be combined to obtain a third
parameter which is independent of the diameter of the barrier to the fluid flow. This
parameter, the Lin parameter (p), is the ratio of the Reynolds number to the Strouhal
number. In this ratio, the barrier diameter terms cancel out, leaving
p = v N/u2 .
.
(2.4)
Lin (1959) found that the values of {3 for stable vortex streets behind cylinders range
from 1.0 x lCf 3 to 2.5 * 10" 3 .
Chopra (1972) states that the Lin parameter best characterizes von Karman
vortices because: a) these vortices occur behind objects o[ varying diameters and the
Lin parameter is independent of diameter; b) the appropriate velocity field associated
with the fluid flow gives rise to the vortices; and c) the range for P is more restricted
than the range for the Reynolds and Strouhal numbers. Although the Lin parameter
may be a better descriptor from a fluid dynamics point of view, it is not a practical
measure for synoptic observation and forecasting. Calculations of the frequency of
vortex shedding (N) require multiple satellite images of a von Karman vortex street
taken at different times or a rectified image from which h and a can be measured.
Unfortunately, most of the available imagery does not have the necessary temporal
separation. There are also problems with measuring h and a on a rectified image. The
appearance of the vortex street in an image depends on the amount of clouds present
below the inversion, which creates difficulties in determining the exact spacing between
vortices. Another factor limiting the usefulness of P is the variability of the eddy
viscosity term. HefTter (1965) gives experimental values for the eddy viscosity which
vary from 10 to 10 m s . Most of the previous studies of the mesoscale von Karman
vortices assume values for h/a and/or p in order to derive values for N and v. With a
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value for P and/or v, the Reynolds number can be easily derived from available
synoptic data (mean wind flow and island diameter) and provides a descriptive
parameter for the von Karman vortices.
Most of the previous studies, such as Chopra (1973). characterize the
meteorological conditions for formation of von Karman vortices as: a) a low-level
inversion (altitude of 0.5 to 1.5 km); b) a steady wind flow over a period of several
hours; and c) an orographic barrier, such as an island. The low-level inversion provides
a cap ever the island barrier which directs the wind How around the barrier instead of
allowing more normal wind flow over the island. This creates the essentially
two-dimensional wind field in which the vortex streets develop.
2. Single Cloud Plume
The single cloud plume is related to the von Karman vortex street. Figure 2.2
displays an example of a plume in the lee of the Sirri Island, Iran. Previous studies
suggest that single plume formation occurs when the wind field, island barrier diameter,
or eddy viscosity is such that the Reynolds number is less than the value needed r.c
produce a von Karman vortex street (Re<40). Figure 2.3 shows von Karman vortices
in the lee of Socorro Island and a single cloud plume from nearby San Benedicto
Island. Fett and Mitchell (1977) state that the difference in the two barrier effects
stems from the difference in size between the two islands. With similar wind fields, the
larger diameter of Socorro generates von Karman vortices while the smaller San
Benedicto has a smaller Reynolds number, resulting in a plume. Tsuchiya (1969)
provides photographs of flow patterns for various Reynolds number values. These
photographs show single plume patterns in the flow for Reynolds numbers less than
65. However, Chopra (1973) cautions against drawing conclusions concerning
Reynolds numbers for observed vortex streets based on similarity with photographs of
laboratory' produced flow patterns. Although the Reynolds number is useful in
describing the fluid dynamics of von Karman vortices, as will be shown in later
chapters, this parameter is not a useful means of separating plume_ cases from those
with von Karman vortices.
3. Transition from von Karman vortices to plumes
Imagery also provides cases where both von Karman vortices and single
plumes are present in the flow downstream from the barrier island.- One example
image of this type is presented in Fig. 2.4. The development of both mesoscale barrier
effects from one barrier suggests that changes in atmospheric structure and/or wind
flow are causing a shift from one phenomenon to the other.
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4. Calm Sea Streaks
Space shuttle photography and satellite imagery show the presence of long
streaks on the ocean surface extending out from the lee of island barriers. Based on
images showing sunglint patterns, such as Fig. 2.7, these streaks appear to be regions
with a calmer sea surface than that of the surrounding area. Sunglint occurs when the
direct rays of the sun are reflected by the ocean surface directly into the satellite sensor
or spacecraft camera and appears in imagery as a bright or very light region. A region
of calm seas has a higher reflectivity and appears as a bright area in the sunglint
pattern, while rougher sea surface scatters the suniight away from the sensor and
appears as a dark area. In regions adjacent to the sunglint, the calm areas appear as
dark patches in the image while rough sea areas appear as lighter areas. Although
imagery exists which shows calm sea streaks as dark areas, no cases of this type were
included in this study. Fett and Rabe (1975), using DMSP imagery and numerical
modeling, find that calm seas occur in the lee of islands and can extend downstream up
to 200-300 km.
Since the cairn sea streaks appear in relatively cioud-free images, the question
of relationship to other barrier effects arises. Chopra (1973) states that the complex
ocean eddies found in the lee of the Hawaiian Islands originate from the energy
transfer from the strong winds and atmospheric eddies (barrier effect eddies) to the
ocean surface via air-sea interaction mechanisms. He believes that the energy transfer
occurs before the barrier efFect eddies move sufficiently downstream from the islands to
form the cloud patterns associated with the barrier effects. Nickerson and Dias (1981)
report the presence of vortex streets similar to von Karman vortices in the lee of
Hawaii, but note that often insufficient moisture is present in these vortices to form the
cloud shapes. Thus, the Hawaiian Islands provide one example where mesoscale
barrier effects are revealed by oceanic instead of atmospheric phenomena. This
supports the idea that calm sea streaks may be cloudless manifestations of island
barrier effects.
5. Ship Wake
Fujita and Tescon (1977) believe that atmospheric wake clouds are similar in
origin to the wakes produced by ships moving through the water. Kelvin's (1S87)
theory indicates that an object moving in a straight line through a fluid generates the
V-shaped wake pattern. Figure 2.5 shows a schematic diagram of the theoretical ship
wake based on the study by Flogner (1922). Two kinds of waves form in the wakes of
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moving objects: a) divergent waves, which are the familiar V-shaped waves and b)
transverse waves, which are waves connecting the sides of the divergent waves.
Havelock (1950) shows that when the velocity (c) of the object is large compared to the
depth of the fluid (h) the transverse waves disappear. The equation for this
relationship is
c
2/gh > 1 (2.5)
where g is the acceleration due to gravity.
Fujita and Tescon (1977) state that wake theory seems applicable to the
atmosphere. In the atmospheric application, the fluid (air) moves around a stationary
object (e.g. an island barrier), instead of a moving object (ship) in a stationary fluid
(water). One of these atmospheric ship wakes is shown in Fig. 2.6. Thus, based on
wake theory, two situations arise for atmospheric wake waves: a) divergent and
transverse waves within a deep layer of slow moving air below a capping inversion, and
b) divergent waves within a more shallow layer having a higher velocity wind flow.
In their study of stratus cloud phenomena, Edinger and Wurtele (1972)
described ship wake clouds, which occurred in the lee of San Nicolas Island, as a type
of gravity waves. They state that when a fluid has its stability concentrated in an
interface layer and flows over a limited obstacle, a gravity wave resembling a ship wake
is formed. With the atmosphere as the fluid, an inversion as the stable interface layer
and a barrier island as an obstacle to fluid flow, a ship wake shaped gravity wave
pattern forms. Edinger and Wurtele did not observe transverse waves in San Nicolas
Island ship wake patterns but do not rule out this type of wave structure in
atmospheric wakes.
C. CLASSIFICATION OF BARRIER EFFECTS
Most of the prior studies of island barrier effects have concentrated on a single
type, such as von Karman vortices, and have not attempted to link these mesoscale
phenomena together. To produce useful tools for analysis and forecasting, a
comprehensive classification scheme, using readily available synoptic meteorological
parameters must be developed. Previous classification schemes are given below.
Fujita and Tescon (1977) divide the mesoscale cloud patterns into three types
based on lapse rate, wind velocity and barrier size. These types are:
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1. Cumulus streets - Form when the near- surface lapse rate is adiabatic (identifies
unstable air) and a slow to medium wind velocity.
2. Von Karman vortex streets - Form when the near-surface lapse rate ranges
from a small positive to a negative value (indicates stable air), the low-level
wind velocity is slow to medium and the barrier is relatively large.
3. Ship wake clouds - Form when the near-surface lapse rate is a small positive
value, the wind velocity is medium to fast and the barrier is relatively small.
Above a critical wind velocity, the transverse waves cease.
The primary problem with this classification scheme is that the wind velocities and
barrier sizes are not clearly specified. For von Karman vortices, the Reynolds number
relates wind velocity to barrier size. A high wind velocity coupled with a small island
barrier could produce the same Reynolds number, and hence vcn Karman vortices, as
a large island with slow wind velocity.
Fett and Mitchell (1977) provide a series of case studies to illustrate the various
barrier effects seen in satellite imagery. This series includes some twenty cases, but
several cases are similar and no classification of the barrier effects according to
synoptic parameters is made. However, Fett and Mitchell include more types of the
barrier effects than do Fujita and Tescon (1977), and thus give a more complete
description of these phenomena.
Having examined the previous studies of mesoscale island barrier effects and
some proposed classification schemes, the following questions form the investigative
basis for this thesis research.
1. What are the characteristic parameters common to the various island barrier
effects?
2. Which of the characteristic parameters permits differentiation between and
classification of the various barrier effects?
3. What is the relationship (if any) between the calm sea streaks and other barrier
effects?
4. Can a simple and useful classification scheme, based on easily obtained svnoptic
data be developed?




Satellite imagery and manned spaceflight photographs containing meso scale
island barrier effects came from two sources. The Naval Environmental Prediction
Research Facility (NEPRF) provided DMSP images. One image from GOES was also
included, giving a total of nineteen potential cases from satellite imagery. The
Department of Meteorology at the Naval Postgraduate School" provided a second set
of imagery from Skylab, Apollo-Soyuz and STS manned space missions. This set
formed the basis for eleven potential cases. The combined number of potential imagery
cases was thirty.
In addition to the imagery, an extensive synoptic data set was required to
develop the necessary physical variables for closer examination and correlation.
Because this requirement was so stringent, seven of the 50 potential cases had to be
eliminated, leaving a total of 23 cases for this study. Table 2 lists these cases,
providing the locations, dates and times of the images.
B. SYNOPTIC DATA
In addition to the barrier effect satellite images and NASA mission photographs,
the supporting synoptic data were required. This data set was obtained from the Fleet
Numerical Oceanography Center (FNOC) and consisted of upper-air soundings,
surface and ship synoptic observations, and surface and S50 mb objective analysis fields
from the Navy Operational Global Atmospheric Prediction System (NOGAPS). The
data were used to evaluate a variety of synoptic variables as possible candidates for
characterizing the various island barrier effects.
1. Upper Air Soundings
For each case, four upper-air soundings were collected. These four soundings
were the 12 GMT sounding of the day prior to image time, the 00 GMT and 12 GMT
soundings of the image date, and the 00 GMT sounding for the day after that of the
imase. These soundings were either taken from the barrier island or from the sounding
station nearest the island. This scheme bracketed the image time (three soundings
L Dr. Robert W. Fett, NEPRF
2 Dr. C.H. Wash, NFS
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before and one after) and, since the mesoscale barrier effects have lifetimes on the
order of 18 to 30 h, placed emphasis on the conditions existing prior to the image time.
The soundings and associated data listings provided vertical profiles of temperature and
dew-point temperature, along with tabulated values of temperature, dew-point
temperature, pressure level, relative humidity and upper-air winds.
2. Surface and Ship Observations
Surface and ship observations were collected for a 6° latitude by 6° longitude
region centered on the location of the barrier island. The data were generated at three
hour intervals for the period covered by the soundings, i.e., 12 GMT from the day
prior to the image day through 00 GMT on the day following that of the image. The
surface observations occurring- on the barrier island were used to define the surface
wind flow whenever possible. In a few cases, no surface observing station was present;
therefore, the observations reported by the nearest ship were used to derive the surface
winds. Ship reports were also used to confirm that the : sland station observation of
surface wind was representative of [he wind flow beneath the capping inversion.
3. Surface and 850 mb Analysis Charts
Surface analysis charts covering a 30 ? latitude by 30° longitude region centered
on the barrier island location were used. These charts, which encompassed the same 36
h period as the surface observations, provided the surface pressure fields which were
used to verify that island observed surface winds were representative of the regional
wind flow. Surface and ship observations were also plotted on these charts, permitting
graphic description of ship and surface observations as well as location of the ship
report with respect to the barrier island. NOGAPS 850 mb analysis charts were used
to extract the 850 mb height and wind field for the region surrounding the barrier
island. These charts, spanning the same time period and region as the surface analysis
charts, provided the regional wind field above the inversion layer for most cases.
C. SYNOPTIC VARIABLES
In order to characterize the various island barrier effects, a variety of synoptic
and physical variables were evaluated. These variables were based on the synoptic
situations described in previous studies. Thus, variables were chosen which examined
the inversion, wind flow, stability of the lower atmosphere and dimensions of the
island. Descriptions of these variables and associated calculations are now discussed.
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1. Inversion Strength
One of the key variables in characterizing the mesoscale island barrier effects
is the inversion strength. This quantity is a measure of the strength of the capping
inversion, or the rigidity o[ the lid which forces the two-dimensional flow around the
island barrier. The inversion strength is the lapse rate of the inversion layer, defined as
the change in temperature divided by the change in height, or AT/AZ. The units are
the same as those of the lapse rate, °C/km.
2. Inversion Height
Given a capping inversion, the inversion height determines wrhether or not the
wind flow goes over or around the island barrier and the appropriate cross sectional





In this equation, AZ is the height difference in meters of the layer of interest (in this
case the layer from the surface to the inversion base), R is the gas constant for dry air
(287 J kg" 1 °K" 1 ), T is the mean temperature of the layer in degrees Kelvin, g is the
acceleration due to gravity (9.S0665 m s" 2 ), and ?1 and P, are the top and bottom
pressure levels of the layer, respectively, in millibars. In the calculation of the
inversion height, the surface is assumed to occur at Zj = m; therefore, AZ equals Z
2 ,
the height of the inversion base.
3. Inversion Thickness
The inversion thickness is the thickness, AZ, of the inversion layer and is
measured in meters. Values for this variable were calculated using Eqn. 3.2, -where P.,
and P, are the pressure levels at the top and bottom (base) of the inversion layer,
respectively.
4. Surface Winds
As stated above, the mean regional wind flow beneath the capping inversion is
represented by the surface winds. This mean flow is that flow which occurs upstream of
the barrier island prior to the mesoscale interactions and the wind flow occurring to the
sides of the mesoscale barrier effects phenomenon. The data used in the evaluation
were from the surface observation closest in time to that of the image. These surface
observations were compared to any available ship observations near the barrier island
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and with the regional wind flow, determined from the isobars of the surface analysis
charts. These comparisons showed that barrier island surface observations did
represent the mean wind flow.
5. Relative Humidity
Relative humidity values were taken directly from the sounding data. The
values used were the maximum values either at, or just below, the level of the inversion
base. This variable was examined to determine, between the various case types, if any
significant differences existed in the moisture content in the atmosphere below the
inversion.
6. Island Dimensions
Since the barrier island must penetrate the inversion to reduce or eliminate the
wind flow over the island and since the diameter or width of the barrier plays a role in
determining the Reynolds number, the dimensions of the barrier island are also
important. These dimensions included the height of the highest elevation of the island
in meters and the diameter (or width) of the barrier to the wind flow in kilometers.
The heights and diameters for the barrier islands used in this study are given in Table
3. Since the island of Guadalupe dominated the cases, its diameter values were
measured at elevations corresponding to average inversion heights (500 and 1000 m)
and to the predominant wind directions occuring in the data set.
7. Above Inversion Winds
In order to determine any contribution to the formation o[ mesoscale island
barrier effects by the wind flow above the inversion layer or by the wind shear across
the inversion, the winds above the inversion were examined. Because of the relatively
constant nature of wind flow patterns associated with barrier effects, the wind data
were taken from the sounding closest to the image time with priority given to earlier
soundings when the image time occurred mid-way between soundings. Unfortunately,
only mandatory level winds were available for the soundings. Therefore, 850 mb winds
were, for the most part, considered representative of the above inversion wind flow. It
was occasionally necessary to use 700 mb winds to avoid conflict with the inversion
layer. The availability of only mandator}' level winds also prevented more detailed
above inversion wind and wind shear calculations.
8. Below Layer Stability
The lapse rate between the surface and the inversion base defines the below
layer stability. Calculations for this variable were identical to those for inversion
strength, except that the levels used were the surface and the inversion base.
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9. Above Layer Stability
Above layer stability was calculated as the lapse rate between the top of the
inversion layer and a point on the individual sounding which was between 200-250 mb
above the top of the inversion. AZ was found using Eqn. 3.2 and AT was taken from
the sounding temperatures. This variable was calculated for a representative sample of
eisht cases.
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IV. RESULTS AND CONCLUSIONS
A. RESULTS
Once the data collection and variable calculation process was completed, five
types of mesoscale island barrier effects emerged. These types, as listed in Chapter 2,
are:
1) von Karman vortices
2) single plumes
3) transitions from von Karman vortices to single plume
4) calm sea streaks
5) ship wakes
The wind flow and atmospheric structure as evaluated from the available data are now
discussed for the::e different barrier p;;en;:re::a.
i. von Karman Vortices
An intense, capping inversion characterizes the six von Karman vortices cases.
Sounding profiles for these cases, shown in Fig. 4.1, display a sharp temperature rise
over a relatively small height change giving values for inversion strength which range
from 10 to 29 °C/km (see Table 4). For ease of comparison, the soundings in Fig. 4.1
have been slightly shifted so that the surface temperature is the same for all cases. In
no other type are the soundings so similar in shape, particularly near the level of the
inversion. Inversion height values in Table 4 show that the inversions occur at less
than 600 m in elevation. For Guadalupe Island, this elevation is 500 m below the
island's highest point of 1300 m. Thus, the inversion base is located approximately
halfway up the island. With the exception of some of the calm sea streak cases, these
heights were the lowest found for the barrier effects types. The von Karman vortices
cases also show the smallest range of inversion thickness, 380-620 m, among the case
types (see Table 4). Thus, this type of barrier effect can be characterized as having a
very strong inversion (> 10 °C/km) which is located below the highest elevations of the
barrier island and whose inversion layer thickness is relatively small ( < 620 m).
Previous studies of von Karman vortices have tended to establish that an
inversion exists but little descriptive data are presented. The largest amount of
information from these studies is available for inversion heights. In Chopra and
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Hubert (1965), the inversion is described as strong and occurring at a height of 800 m,
which is approximately half the height of the island producing the vortices (Madeira
Island). Using the sounding presented in a figure from their article, calculations for
inversion strength and thickness yield values of 47.3 3C/km and 137.3 m. The
extremely thin inversion layer, and a AT of 6.5 °C across the layer, produce this very-
large inversion strength value. However, these two values are subject to error from
measuring temperatures and pressure levels on a very small figure, in another von
Karman case, Zimmerman (1969) reported inversion strength of 7.5 °C/km, inversion
height of 1600 m and inversion thickness of 400 m. The inversion strength is below the
range found in this study (> 10 °C/km) and the inversion thickness is within the range
given above. The inversion height appears significantly higher than the values found
for Guadalupe ( < 600 m), but is actually less than half the 3720 m height of the island
(Tenerife) in his study. Tsuchiya (1969) reported an inversion height of 1510 meters in
his study of vortices in the lee of Cheju Island. Since Cheju island is 1950 m high, this
inversion is located at an elevation of about three-quarters of the island's highest point.
Tsuchiya describes the inversion as being strong, but no numerical value is presented
and the accompanying figure is too small to accurately measure values and calculate
inversion strength and inversion thickness. The same situation applies to the
soundings contained in Thomson et al. (1977). The authors stated that the inversion
height is 1000 m but did not discuss the strength or thickness of the inversion. Several
islands of the Aleutian chain were examined in the study and all of these islands which
produced von Karman vortices were above 2000 m elevation. As in other cases, the
inversion occurs mid-way up the mountains forming the island barriers. Comparison
of these various studies indicates that von Karman vortices are associated with
inversion whose heights are approximately half to three-quarters of the elevation of the
barrier island.
Cases of the von Karman vortices divide into two groups with respect to
surface winds and barrier diameters. One group contained three cases with northerly
wind flow with speeds of 5-10 kt. This low wind flow is associated with smaller barrier
diameters of 10-14 km for Guadalupe. Cases with moderate winds of 20-30 kt from the
northwest formed the second group. Due to the elongated shape of Guadalupe, the
moderate wind cases have diameters of 10-25 km depending on the specific wind
direction. Tables 3 and 4 contain these wind and island diameter values.
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The association of low winds with smaller diameters and moderate winds with
somewhat larger diameters, produces a wide range of Reynolds numbers for these
cases. In Chapter 2, Eqn. 2.2 established the theoretical relationship between the wind
flow and barrier diameter through the Reynolds number. However, effects of eddy
viscosity are also included in this parameter. Based on Atkinson's (1981) compilation
of previous von Karman vortices cases (Table 1), a mean value for eddy viscosity of
1.63 x 103 m2 s" 1 was found. Using this value for eddy viscosity and wind flow and
barrier diameter values from Tabies 3 and 4, calculations of Reynolds number were
made for several Guadalupe Island barrier effect cases. The Reynolds numbers from
these calculations are contained in Table 5. For the three low wind cases (S-4, S-8 and
S-9), the Reynolds numbers range from 30 to 43, which are at or below the lower end
of the range, of 40 < Re < 1000 presented by Chopra (1973). The moderate wind cases
(F-13, F-15 and F-17) have Reynolds numbers ranging between 79 and 115, which are
within the accepted range of values.
2. Single Plumes
In contrast to the sharply defined profiles of the von Karman vortices cases,
the profiles for the four single plume cases (Fig. 4.2) show higher, weaker and thicker
capping inversions. Comparison shows the inversions of the plume profiles to have
smaller temperature increases over greater vertical distances than those of the von
Karman vortices. As shown in Table 4, these plume profiles give higher inversion
thickness values (700-1200 m) and coupled with smaller inversion layer AT values,
result in a lower inversion strength range of 1-10 °C/km. The height of the inversion
base is also slightly higher, having a range of 400-800 m but, still remains below the
top of the island. Plume cases show the same surface wind flow (northwesterly at
20-30 kt) as the von Karman vortices cases with moderate winds. With this flow the
barrier diameters are nearly the same for both barrier effect types (see Tables 3 and 4).
Thus, the plume cases are characterized by low inversion strengths and thicker
inversions, and by wind flows, barrier diameters and inversion heights similar to those
of von Karman vortices.
The plume case Reynolds numbers of 73 and 110 (see Table 5) are above the
range (Re<65) proposed in Chapter 2. These values are also within the accepted
range (40-1000) for von Karman vortices. Thus, the Reynolds number fails as a
parameter to differentiate between plume and von Karman vortex phenomena as
suggested by the study of Tsuchiya (1969). A search of the literature did not locate
other plume cases for comparison.
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3. Transitions from von Karman Vortices to Plumes
Profiles for the two transition cases, shown in Fig. 4.3, display similarity to
both plume and von Karman vortices. At the inversion base, the temperature increases
rapidly but the rate of rise decreases quickly, giving a more gradual slope to the profile.
The initial rapid temperature rise is characteristic of the von Karman vortices profile,
but the more gradual siope resembles that of plume cases. This gradual slope results in
inversion strengths of 3-8 °C/km. As shown in Table 4. these inversion strengths are
within the plume case range of values (1-10 °C/km). The inversion thickness values
were also within the plume range. However, the inversion heights are higher (900-1000
m) than those of the plume cases. Surface wind flows were again in the same range
(20-30 kt) as winds of the plume and moderate wind von Karman vortices cases.
Values for the above variables are contained in Table 4. With the inversion occurring
at higher elevations, the barrier diameter is reduced to 7 km at the 1000 m elevation
(see Table 3). The Reynolds numbers far the transition cases (44 for F-
!
md 70 for
F-14) are less than the plume case values but. are within r.he accepted von Karman
vortices range of 40 to 1000. The similarity between the transition and plume cases is
not surprising, considering that at the image time of the transition cases, plume barrier
effects had already been established in the lee of the barrier island.
Previous studies have not addressed the transition type of barrier effect;
however, the slight differences in the transition case variables suggests a possible
sequence of events for the formation of this barrier effect. Initially, a von Karman
vortex street forms in the lee of the barrier island. This street arises due to a strong
capping inversion with a low inversion base. The surface wind flow remains constant
through this and subsequent phases of the transition. At some later time, the inversion
layer begins to rise and its thickness increases. Upward vertical motion generated by
solar heating of the island or synoptic-scale upward motion are possible causes of this
change in the inversion layer. With a larger inversion thickness, the inversion strength
is reduced. With a steady wind flow, the smaller inversion strength and the smaller
barrier diameter change the vortex street into a single plume.
4. Calm Sea Streaks
The seven cases of calm sea streaks divide into three categories based on the
shapes of their sounding profiles. Four cases resemble von Karman vortices profiles,
one case is similar to the single plumes, and two cases show different profiles
altogether. The primary difference between the soundings for the calm sea streaks and
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the other barrier effect types they resemble (plumes and von Karman vortices) is the
lower moisture content of the boundary layer between surface and inversion.
For those cases with profiles similar to von Karman vortices, the three
inversion variables are nearly the same, as shown in Table 4. The range of inversion
strengths of 11-25 °C,km is within the 10-29 "C/km range of the von Karman cases.
For the calm sea streak, cases, the inversion heights are slightly lower (100-400 m), and
the inversion thickness range of 350-300 m is slightly larger than the corresponding von
Karman vortices case values of 300-600 m for inversion height and 300-650 m for
thickness. These characteristics suggest stronger subsidence in these cases. This
subsidence and lower inversion height does contribute to the dryness below the
inversion through entrainment. This dryness is represented by dew-point depression as
shown in Fig. 4.4. In contrast, Fig. 4.5 shows the vertical profiles for a representative
von Karman vortices case. In this figure, the dew-point depression is considerably
smaller which indicates more moisture in the lower levels of the atmosphere.
Imagery of cairn sea streak cases with soundings similar to von Karman
vortices shows oscillations in the calm sea streaks. These patterns could indicate an
interaction between the sea surface and von Karman vortices in the atmosphere above
the surface. Chopra (1973) proposed that the eddies in the sea surface in the lee of
Hawaii were caused by atmospheric vortices. These vortices were shown to exist by
Nickerson and Dias (1981) which supports the idea that sea-surface patterns, such as
calm sea streaks, can be reflections of atmospheric eddies, like von Karman vortices.
In one calm sea streak case, the sounding profile appears similar to the plume
type profiles. Its inversion strength value is 5.5 °C/km which is in the middle of the
plume range (see Table 4). This case has an inversion height of 323 m and an
inversion thickness o[ 272 m. These values are lower and smaller than the
corresponding ranges found in the plume cases, again indicating stronger subsidence in
this situation. With only one calm sea streak case, the significance of these differences
is difficult to determine. As seen in Fig. 4.6, the boundary layer is significantly drier
for this case also.
Soundings for the remaining two calm sea streak cases show profiles with high
and weak inversions. The shapes of the two profiles (Fig. 4.7) do not show a strong
resemblance to the profiles of other island barrier effect types. As shown in Table 4,
the inversion strengths are within the plume type range, being less than 10 °C/km.
However, the inversion heights are 300 m above the highest elevation of the barrier
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islands and the inversion thicknesses are relatively thin, being less than 300 m. The
high height of the inversion base is explained by the fact that in both cases the islands
are located in tropical western oceans. In the tropics, the boundary layer inversion
rises to the west as one moves from the eastern to the western tropical ocean region.
Riehl (1954) states that climatologically the strongest and lowest trade inversions occur
in the eastern oceans with the inversion ascending to the west.
It is interesting that even with a high, weak inversion, a pronounced surface
calm zone develops. Another factor in this phenomenon is the presence of weak winds
aloft. In all but one of the calm sea streak cases, the winds above the inversion are 10
kt or less (Table 4 and Fig. 4.8). This suggests that the role of the island barrier is
more than that of blocking the flow. The island disrupts the inversion so that the dry
low momentum air is mixed down to the surface layer. A long sea streak is a probable
indicator of weak winds aloft as well as a drier boundary layer.
5. Ship Wakes
The sounding profiles for the four ship wake cases (Fig. 4.9) show inversion
base heights above the barrier island. These heights range between 150 and 400 m
above the islands' highest elevations (see Tables 3 and 4). Edinger and Wurtele (1972)
reported a ship wake case for San Nicolas Island. For this case, the associated
sounding showed an inversion height of approximately 300 m above the island. The
inversion strength range of 2-14 °C/km encompasses both very weak and moderately
strong inversions. As shown in Table 4, the ship wake type also possesses the widest
range of inversion thickness values. These values range between 90 and 800 m. The
surface winds were low to moderate (10-22 kt), but the above inversion winds were
approximately 50 kt for these cases. Ship wakes are the only cases with such strong
vertical velocity shear. The high, stable inversions of the ship wake cases tends to
support the gravity wave model proposed by Edinger and Wurtele, but additional cases
are needed for verification.
6. Other Results
The remaining variables, above inversion winds (except as noted above) and
above and below layer stabilities, showed little effect on the formation or maintenance
of the island barrier effects. Calculations show that the mean below inversion stability
is —9.3 °C/km which is essentially the same as the adiabatic lapse rate. Similarly, the
above inversion stabilities show values less than the adiabatic lapse rate, with the mean
value for the eight sample cases being less than — 6 °C/km. The above inversion wind
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speeds vary considerably among the cases and show little influence on the island
barrier effects, except for the ship wake and calm sea streak cases. The wind shear
relationship between the surface and above inversion winds (shown in Fig. 4.8) also
shows considerable variability in both direction and speed.
B. CONCLUSIONS
The results of this study indicate that there are three key variables which
synoptically characterize the mesoscale island barrier effects. The three variables;
inversion strength, inversion .height and inversion thickness, are interrelated. For
example, when subsidence is strong, the inversion lowers and the inversion layer is
thinner with a larger inversion strength. When upward vertical motion occurs, the
inversion height rises, the inversion layer thickness increases and its strength decreases.
Based on these three variables, the mesoscale island barrier effects can be
characterized. When a capping inversion is strong and has a small thickness and is
located at a height approximately half that of the highest elevation of the barrier
island, vcn Karman vortices form in the lee of the island. Plume and transition cases
occur when the inversion is thicker and weaker than those inversions found in von
Karman vortices cases. When the inversion is above the highest elevation of the island
and has thickness and strength values in the range of either plumes or von Karman
vortices and a strong velocity wind shear exists, then ship wakes form.
The calm sea streaks are mesoscale island barrier effects in which either boundary
layer vertical motion is absent or the below inversion moisture content is insufficient to
form the cloud patterns associated with plumes and von Karman vortex streets. The
oscillations in the calm sea streaks indicate the presence of barrier effects eddies in the
atmosphere above the sea surface. The western ocean calm sea streak cases display the
higher trade wind inversions prevalent in the tropical western ocean regions and light
winds aloft.
The Reynolds numbers for von Karman vortices cases are in general agreement
with earlier studies. However, the Reynolds numbers for plume and transition cases
give a range which are inconsistent with theory and previous studies. This
inconsistency could stem from several sources; significant differences between the
actual eddy viscosities and the mean value, inaccurate measurements of wind flow
velocity or barrier diameter, or surface winds not being representative of the actual
wind flow near the inversion base. Because of the range in the Reynolds number
values and since values for eddy viscosity cannot be easily found from routine synoptic
observations, use of the Reynolds number as a island barrier effects characterization
parameter does not appear feasible.
The goai of developing a classification scheme for mescscaie isiana carrier effects
appear? premature at this point. While this study determined 1 number of key features




In this study, only 23 cases describing five categories of mesoscale island barrier
effects were examined. The collection of additional cases is required to verify the
synoptic characterizations presented and to further investigate the relationships
between the synoptic variables and island barrier effects. The need for additional cases
is particularly true for the transition from von Karman vortices to plume, ship wake
and calm sea streak case types. For example, how the higher inversion of the western
tropical ocean and the barrier island interact to form calm sea streaks remains unclear.
Further study of the island barrier effects may result in better descriptions of their
formation processes.
Another area for future work is the investigation of mesoscale barrier effects in
the lee of isolated mountain peaks. In the carrier effects image collection of Dr.
Robert Fett there ire several cases Df plume-like :louds extending from isolated peaks
located in Central America. Revell (1983) reports cases of von Karman vortices
produced in the lee of Mt Egmont, which is an isolated mountain peak located on the
Northwest coast of New Zealand. These images indicate that barrier effects do form in
the lee of single peaks, opening another area for study.
This study examined five types of island barrier effects prevalent in satellite
imagery. Several other types of related mesoscale/microscale phenomena also are
present in imagery and should be included in future studies of barrier effects. Among
these phenomena are corner effects in sunglint patterns, microscale cloud lines along
the edges of calm sea streaks and gravity wave packets occuring along coastal zones.
Another area for future study is the microscale circulation patterns at the edges of
mesoscale island barrier effects. The presence of clear areas within von Karman
vortices implies some microscale vertical circulation and entrainment of drier air into
the vortex street.
Once a satisfactory set of descriptive synoptic variables and/or parameters, which
characterize mesoscale island barrier effects, is established, research into applying this
knowledge to nowcasting and forecasting techniques is required. In order to make
forecasts of island barrier effects, better numerical weather prediction models are
needed. These models must be able to predict detailed vertical structure of the
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atmosphere so thai the inversion strengths, thicknesses and heights can be forecast.
With the increasing availability of satellite imager}' to naval units, techniques in
characterizing phenomena present in this imager}- and using these characterization"; in
forecasting will become more valuable in assisting operational Naval Oceanographers





SUMMARY OF VORTEX STREET PARAMETER VAIJ is
Calculated values that characterize atmospheric mesoscale vortcN
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.. Sate llite Imagery Cases
F-i Guadalupe OS Apr 74 1853 Yes
F-2 Guadalupe 21 May 74 1531 Yes
F-3 Guadalupe 10 Apr 74 1816 Yes
F-4 Guadalupe 17 May 77 1933 Yes
F-5 Martinique 10 May 79 1501 Yes
F-6 Guadalupe 12 Jul 79 1835 No
F-7 Guadalupe 09 Jul 79 1645 Yes
F — 3 Guads ^ upe _ o Jul / t? 1627 V" — —
F-9 Guadalupe 32 Ap r "7 O79 1828 V*Q 3
F-10 Guadalupe 15/16 Jun 73 2018/0000 Yes
F-ll Not used
F-12 Guadalupe 16 Jun 80 1856 No
F-13 Guadalupe 15 May 74 1918 Yes
F-14 Guadalupe 17 May 74 1630 • Yes
F-15 Guadalupe 25 Aug 76 1544 Yes
F-15 Socorro 11 Apr 74 1758 No
F-17 Guadalupe 08 May 73 1920 Yes
F-18 Canary Is. 18 Jul 77 1132
.
No
F-19 Faeroes 23 Jun 75 0829 Yes
M-l Guadalupe 10 Mar 86 1830 Yes
>. Manned Spaceflight Photograph Cases
S-l Sirri Island 07 Mar 83 08-09 S-6-45-058 No
S-2 San Nicolas 15 Jul 75 2225 AST-14-878 Yes
S-3 Antipodes 17 Dec 73 0020 SL4-137-3668 Yes
S-4 Guadalupe 04 Jul 82 13-14 STS-4-38-866 Yes
S-5 Cape Verde 15 Apr 85 1256 51D-42-018 Yes
S-6 Aleutians 04 Aug 85 0547 51F-35-028 Yes
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TABLE 2
LIST OF CASES (cont'd.)
Case # Location Date T
Image
ime (GMT)
S-7 S. Sandwich 12 Oct 84 1959
S-8 Guadalupe 01 May 85 1828
S-9 Guadalupe 17 Jun 85 1519
S-10 . Canary 31 Aug 85 0822
S-ll Guadeloupe 04 Feb 84 15-17
Notes: 1) Satellite images ident:ified by da
Image Data










































































SYNOPTIC VARIABLE RESULTS SUMMARY
Case # Location
Inversion






A. von Karman vortices
S-4 Guadalupe 347. 5 17. 365 598. 9
S-8 Guadalupe 354. 8 19. 070 382. 8
s-g Guadalupe 304. 2 29. 244 543. 7
F-13 Guadalupe 469. 5 10. 319 610. 5
F-15 Guadalupe 372. 6 11. 354 616. 5
F-17 Guadalupe 554. 3 17. 290 462. 7
B. Plume
F-3 Guadalupe 727. 7 1. 834 1199.
3
F-4 Guadalupe 781. 4 1. 718 1154.
1
S-5 Cape Verde 611. 8 4. 577 830. 2
S-2 San Nicolas 412. 1 8. 995 722. 6
C. Transition - von Karman vortices to plume
F-10 Guadalupe 939. 7 7. 740 930. 2
F-14 Guadalupe 998. 5 3. 370 1097.
6
D. Calm sea streaks
F-l Guadalupe 389. 3 11. 817 736. 2
F-2 Guadalupe 318. 5 13. 043 368.
F-7 Guadalupe 101. 6 25. 061 371. 1
F-8 Guadalupe 101. 7 14. 994 800. 3
F-9 Guadalupe 323. 2 5. 498 272. 8
F-5 Martinique 1768. 7 1. 841 271. 6
S-ll Guadeloupe 3743. 4 8. 542 163. 9
E. Ship wake
F-19 Faeroes 1081. 7 2. 032 787. 3
M-l Guadalupe 1467. 1 13. 989 500. 4
S-3 Antipodes 804. 6 5. 612 89. 1
S-6 Aleutians 728. 2 10. 004 279. 9
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TABLE 4
SYNOPTIC VARIABLE RESULTS SUMMARY (cont'd.)
Above Below
Surface Inversion Inversion Relative
Case # Winds (kt) Winds (kt) Stability ( C/km) Humidity (%)
A. von Karman vortices
S-4 360/08 NA -8.622 90.6
S-8 360/10 240/12 -6.483 96.7
S-9 360/07 245/8 -13.807 96.7
F-13 320/25 NA -11.928 87.5
F-15 320/20 290/12 -10.199 77.4
F-17 340/25 330/14 -13.170 93.4
B. Plume
F-3 320/30 345/24 -10.581 78.8
F-4 320/20 290/18 -11.006 78.4
S-5 050/12 130/10 -14.384 93.6
S-2 260/09 260/06 -13.346 85.0
C. Transition - von Karman vortices to plume
F-10 340/20 290/14 -10.322 96.6
F-14 320/22 NA -7.011 78.2


























REYNOLDS NUMBERS CALCULATED FOR GUADALUPE ISLAND CASES
Barrier Reynolds
Case # Height (m) Diameter (km) Wind (deg/kt) Number
A. von Karman vortices
S-4 50C 13.5 350/08 34






























Figure 1.1 Skvlab photograph showing von Karman vortices in







Figure 2.1 Schematic diagram of (a) von Karman vortices
leeward of an isoiatecf island and (b) vortex street
dimensional variables. After Chopra and Hubert (197575).
41
Figure 2.2 Single cloud plume in lee of Sirri Island, Iran
taken from space shuttle mission STS-6 (S-6-45-06S).
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Fisure 2.3 1920 GMT DMSP satellite imase of 8 Mav 1973
showing von Karman vortices from Socorro Island and a
single cloud plume from San Benedicto Island.




Figure 2.4 2018 GMT DMSP satellite image of 15 June 1973
showing transition from von Karman vortices to single plume.
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Figure 2.5 Schematic diagram of the theoretical ship wake
Heavy lines denote wave crests. (After Hogner, 1922).
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Figure 2.6 Skvlab photograph showing ship wake clouds













Ficure 2.7 Calm sea streaks in lee of Guadeloune Island ('Lesser
Antilles) taken from space shuttle mission 41B'(41B-32-1308).
47
Figure 4. 1 Upper-air temperature profiles for cases showing von
Karman vortices. Profiles have been shifted to a common
surface temperature of 17 °C.
48
-50C
Figure 4.2 Same as Fig. 4.1 but for cases
showing single plumes.
49
Figure 4.3 Same as Fig. 4.1 but for cases showing
transition from von Karman vortices to single plumes.
50
Figure 4.4 Temperature and dew point profiles for calm sea
streak, cases showing profiles similar to von Karman
vortices. Note T-T. separation below inversion layer.
51
Figure 4.5 Temperature and dew point profile for von Karman
vortices case S-8. Dew point depression shows higher




Comparison between calm sea streak case
F-9, with plume profile and plume case, S-5.
Note difference in moisture in boundary layer.
53
Figure 4.7 Same as Fig. 4.1 but for cases showing
tropical western ocean calm sea streaks.
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Fisure 4.8 Station plots showing surface (solid), and uDper air
(dashed) winds. A. von Karman vortices, B. transition, C. plume,
D. sea streak, E. ship wake and F. western ocean sea streak.
oo
Figure 4.9 Same as Fig. 4.1 but for cases
showing ship wake pattern.
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